The composition of aerosol from cloud droplets differs from that below cloud. Its implications for the Cloud Condensation Nuclei (CCN) activity are the focus of this study. Water-soluble organic matter from below cloud, and cloud droplet residuals off the coast of Monterey, California were collected; offline chemical composition, CCN activity and surface tension measurements coupled with Köhler Theory Analysis are used to infer the molar volume and surfactant characteristics of organics in both samples. Based on the surface tension depression of the samples, it is unlikely that the aerosol contains strong surfactants. The activation kinetics for all samples examined are consistent with rapid (NH4)2SO4 calibration aerosol. This is consistent with our current understanding of droplet kinetics for ambient CCN. However, the carbonaceous material in cloud drop residuals is
far more hygroscopic than in sub-cloud aerosol, suggestive of the impact of cloud chemistry on the hygroscopic properties of organic matter.
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Introduction
It is well established that organic compounds (especially water-soluble organic compounds, WSOC) are ubiquitous in marine aerosol; they can interact with water and affect aerosol hygroscopicity, droplet surface tension, and Cloud Condensation Nuclei (CCN) activity [1] [2] [3] [4] [5] [6] . As a result, marine aerosol organic matter can affect cloud droplet number concentration as much as 15% [7] [8] [9] [10] and may exert a climatically important impact on clouds.
Organic compounds, depending on their source, are classified as "primary" and "secondary". Primary organic marine aerosol (POMA) can include high molecular-weight compounds transferred onto sea-salt aerosol from the surfactant-rich surface ocean during the bubble-bursting process [9] . The presence of POMA is mostly attributed to biological activity, and its concentration varies with season [9, 11, 12] . POMA can exhibit low hygroscopic growth factors but maintain high CCN activity [13] or vice versa [14] . Secondary organic marine aerosol (SOMA) can be produced during cloud processing [15] [16] [17] [18] [19] ; perhaps the most studied chemical pathway for SOMA is glyoxylic acid oxidation [20] via several aqueous phase intermediates [21] [22] [23] . Continental biogenic emissions can also contribute to organic mass in marine clouds at high altitudes [24] . Anthropogenic emissions can substantially contribute to marine organics; for example, particulate emissions from ships are composed roughly of up to 10% carbon [25, 26] , in the form of sparingly soluble poly-aromatic hydrocarbons, ketones and quinones (PAHs, PAKs, and PAQs, respectively [13, 27] ). "Ship tracks" are a natural laboratory for studying aerosol indirect effects, as clouds with uniform dynamics, are exposed to a strong gradient in emissions concentrations and often exhibit droplet number, effective radius and drizzle rates responses that are consistent with local emission rates [28] [29] [30] [31] [32] .
In this study, marine aerosol samples influenced by ship emissions are collected in-situ (in and out of cloudy regions) and studied for their cloud-droplet formation properties. Given the complexity of the water-soluble organic fraction, characterization is done by measuring the size-resolved CCN activity of the material, surface tension depression and using Köhler Theory Analysis (KTA) [33] [34] [35] to infer the thermodynamic properties (average molar volume, surfactant tension depression) of the organic fraction and its potential impact on droplet growth rate kinetics. These properties are then related to the influence of primary emissions and in-cloud oxidation processes on the CCN activity of the organic compounds.
Experimental Methods

Aerosol Sampling and Chemical Composition
The samples analyzed in this study were obtained during the Marine Stratus/Stratocumulus Experiments (MASE) that took place near the coast of Monterey, California, from July to August 2005. The airborne platform used the Center for Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter that sampled boundary layer air over 13 flights. A full description of the aerosol and cloud instrument payload aboard the plane during the MASE campaign can be found in Lu et al. [36] . Six of thirteen flights encountered strong, localized perturbations in aerosol concentration, size, and composition consistent with ship emissions. The data presented here were sampled on 13 July in the vicinity of ship tracks. An overview of airborne studies conducted in this region has been summarized by Coggon et al. [18] .
Two sample types were collected aboard the aircraft in this study: cloud droplet residuals (CR) from evaporated cloud droplets, and sub-cloud (SC) aerosol sampled below cloud (and occasionally in clear-sky conditions). CR samples were collected with a counter-flow virtual impactor (CVI) [37, 38] , in which cloud droplets with diameter greater than 5 μm were inertially separated from interstitial (unactivated) aerosol and evaporated before collection. Analysis of cloud droplet residuals with this approach has been instrumental in understanding the origin of CCN in ambient clouds [18] . ) and less than 0.01 μg·m −3 air for the organic acid ions (dicarboxylic acids C2-C9, acetic, formic, pyruvic, glyoxylic, maleic, malic, methacrylic, benzoic, and methanesulfonic acids). The WSOC content was also measured off-line with a Total Organic Carbon (TOC) Analyzer (Sievers Model 800 Turbo, Boulder, CO) ( Table 1 ). The contents of the vials were subsequently analyzed for their CCN activity and surfactant characteristics (Sections 2.2-2.4). The aerosol samples analyzed in the study were obtained on 13 July (when the highest organic acid concentrations were reported) from within and below cloud (cloud base and cloud top were measured at 101 and 450 m altitude, respectively) [36] . During this flight, the aircraft focused on sampling air in the vicinity of ship tracks. Backward trajectories calculated using the NOAA HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) model (http://www.arl.noaa.gov/ready/hysplit4.html) indicate that the air mass on the 13 July originated from the North Pacific; the vertical profile indicates that the aerosol masses sampled on 13 July originated from the free troposphere before descending into the marine boundary layer (Figure 1 ). 
CCN Activity of Soluble Material Collected
The aqueous contents of the PILS vials were atomized with a Collison-type atomizer ( Figure 2 ) operated at 5 psig pressure. The atomized aerosol was then dried through two silica gel diffusional dryers, charged by a Kr-85 bipolar charger, and classified with a Differential Mobility Analyzer (DMA 3081) ( Figure 2 ). The classified monodisperse aerosol was then split and passed through a TSI 3025A Condensation Particle Counter (CPC) to measure aerosol number concentration (CN); the other stream was sampled by a Droplet Measurement Technologies Continuous-Flow Streamwise Thermal Gradient CCN Counter (CFSTGC) [39] [40] [41] . Given the limited amount of sample, size-resolved CCN activity and growth kinetics measurements were obtained using scanning mobility CCN Analysis (SMCA) [42] . The SMCA process couples CFSTGC measurements with a scanning mobility particle sizer (SMPS). An inversion procedure was used to compute the ratio of CCN to CN as a function of aerosol size as the SMPS scans from 10 and 250 nm dry mobility diameter for a fixed supersaturation, s. The data were fit to a sigmoidal function, corrected for diffusion and multiple charges in the DMA [42] ; the particle dry diameter size, d, for which 50% of the particles activated into droplets, represents the dry diameter of the particle with critical supersaturation, sc, equal to the instrument supersaturation. The activation experiments were repeated (a minimum of four times) for each s level, which varied from 0.2% to 1.2%. The compositional data, aerosol surfactant behavior, and the dependence of d with respect to sc, were used to infer the molar volume and surfactant characteristics of the organic fraction with Köhler Theory Analysis [33] [34] [35] 43] (Section 3). The CFSTGC was calibrated using (NH4)2SO4 (density = 1.77 g·cm −3 , and molar mass of 132 g·mol
) generated with the same experimental setup, and operating the DMA with a sheath:aerosol flow-rate ratio of 10:1; d for ammonium sulfate was then related to critical supersaturation by applying classical Köhler theory, using an effective van't Hoff factor of 2.5 [41, 44] . The constant van't Hoff value is an approximation that can be improved with the use of the Pitzer Method. Multiple calibrations of the instrument were performed over the period of measurements, and each supersaturation was within 10% of the average. 
Surface Tension Measurements
A CAM 200 pendant drop goniometer was used to measure bulk surface tension, σ, of the original samples and prescribed dilutions of them, following the approach of [33, 35] . The instrument uses 5-6 mL of sample to form a drop at the end of a needle. The optical goniometer captures ~100 images of the droplet and computes droplet surface tension through application of the Young-Laplace equation; the standard deviations for σs/a are <0.05 mN·m −1 for a given sample at one concentration. The measurements were then fit to the Szyskowski-Langmuir equation [45] : (1) where α, β are optimally fitted constants, T is temperature, σ w is the surface tension of pure water and c is the dissolved carbon concentration (mg·C·L
). Each pendant drop was suspended 60 s before surface tension was measured, in order to allow organics in the bulk to equilibrate with the droplet surface layer [46] . Table 1 provides a summary of the α and β parameters for all samples considered. Bulk measurements are known to not represent the droplet activation regime. Thus parameters derived from bulk measurements (Table 1) are applied to inferred droplet concentrations at activation [33] [34] [35] 47 ].
Droplet Size Measurements of Activated CCN
The optical particle counter used for detection of CCN concentrations also provides the size of the activated droplets; thus the SMCA procedure can determine the size of activated CCN with known dry diameter at the exit of the CFSTGC. We adopt the method of Threshold Droplet Growth Analysis (TDGA) (e.g., but not limited to [39, 48, 49] ) to detect the possible presence of droplets growing more slowly than calibration (NH4)2SO4 aerosol [50] . If present then, a coupled measurement modeling approach can be used to infer the effective water vapor uptake coefficient [14, 51] . TDGA compares the Dp of CCN with sc equal to the instrument saturation (i.e., CCN with a dry diameter equal to the cutoff diameter, d) against the wet diameter, D p, (NH4)2SO4 of CCN with identical sc, but composed of (NH4)2SO4. If the presence of organics does not delay droplet growth, D p ~D p, (NH4)2SO4 (e.g., [34, 52] ). Supersaturation depression is observed at high CCN concentration and can affect droplet size [53] . Thus both CCN measurement and analysis should account for CCN concentrations.
Analytical Theory
Köhler Theory
Köhler Theory Analysis (KTA) [33] can be used to infer the average molar volume (molecular weight, M j , over density ρj) of the organic fraction, j, of CCN. It has been shown to work well for low molecular weight species, such as those presented here. Using measurements of s c versus d to determine the Fitted CCN Activity parameter (FCA), ω = scd 
where Mw, ρw are the molecular weight and density of water, respectively, R is the universal gas constant, T is the ambient temperature, σ is the droplet surface tension at the point of activation, ε is the volume fraction, and ν is the effective van't Hoff factor. Subscripts I and j refer to the inorganic and organic components, respectively. εk is related to the mass fraction, mk, of solute k (k being either of i or j) as:
Two measures of molar volume uncertainty are used: (i) the standard deviation of all the inferences (Equation (2)), and, (ii) estimates determined from, Δ = ∑ (Φ Δ ) , where ∆x is the uncertainty of each of the measured parameters x, (i.e., any of σ, ω, εi, εj, νi, and νj) and Φx is the sensitivity of molar volume to x, = ( ), using the formulas of [33, 34, 43] . The maximum of both estimates is the reported uncertainty of . KTA has been shown to constrain molecular weight estimates for laboratory aerosol (having organic mass fraction between 20 and 50%) with an average error of 20% [33] , 40% for complex biomass burning aerosol [43] , 30% for secondary organic matter [35] , and to within 25% for primary marine organic matter [34] .
Inferring Surface Tension
The low concentration of WSOC in the PILS samples limits the determination (using direct measurements) of their surface tension depression for CCN-relevant concentrations. However, if CCN activity data are available for mixtures of WSOC and a salt (e.g., (NH4)2SO4), KTA can be used to concurrently infer and σ using an iterative procedure [34] . If enough salt is present in the sample, the contribution of organic solute to sc is small, and an iterative procedure is not required; the effect of the organic on CCN activity amounts to its impact on surface tension, and can then be inferred as [35] ,
where sc is the measured critical supersaturation, and sc * is the predicted value (from Köhler theory). Assuming σ = σw, the surface tension of pure water computed at the average CFSTGC column temperature [35] , then * = 2 3 4
where "i" denotes all inorganic solutes present in the aerosol. Each surface tension inference is then related to the WSOC concentration at the critical diameter (Equation (6) of [34] , and fit to the Szyskowski-Langmuir adsorption isotherm (Equation (1)). The partitioning of the surfactant from the bulk to the droplet monolayer should be considered. This method of inferring surface tension depression has been shown to work well for dissolved organic matter isolated from seawater [34] . Thus in the case of marine POMA, where the surfactant may partition mostly to the surface, partitioning effects are less important than bulk properties and why Moore et al. [34] were able to achieve good closure.
Results and Discussion
Surface Tension
For the low WSOC concentrations measured in the PILS samples, organics have minimal effect on surface tension (Figure 3) . Hence, Equation (4) is used to infer σ at carbon concentrations relevant for CCN activation (roughly 1000 mg·C·L −1 ). WSOC from biomass burning aerosol and marine aerosol have been shown to contain strong surfactants that depress surface tension by 25%-42% [43, 47, 54, 55] at similar concentration. The inferred σ values for both SC and CR aerosol (Figure 3 ) exhibit weak surface tension depression (−Δσ/σ ≃ 5%) at concentrations >1000 mg·C·L . The surface tension depression results are similar to results from dissolved organic marine matter [34] . Both CR and SC samples were influenced by ship emissions, SOMA, and POMA and contained soluble organics. The solubility of the organics is unknown, however the potential effects of limited solubility on CCN activity for SC samples may be outweighed by significant depression in surface tension at the droplet surface (Figure 3) . Finding the average organic molar mass from KTA will help constrain if the SC and CR samples indeed have different organic aerosol compositions that affect aerosol solubility and surfactant properties. [43] , marine organic aerosol (grey dash-dot; [54] ) and dissolved marine organic matter (solid red; [34] ). (e.g., (NH4)2SO4 data in Figure 4) . At low supersaturations (sc ≤ 0.6%), the WSOC concentration at the point of activation was low (<1000 mg·C·L ) and surface tension depression was small (Figure 3) , hence sc~ d −1.5 for both samples, and KTA is applied for this region of the CCN spectrum. The CR sample contained material that was less hygroscopic than sulfate, but more hygroscopic than in the SC sample (i.e., for a given s, the d of the CR is greater than SC, Figure 4 ). SC and CR activation curves converge at high s, likely because the WSOC concentration is high enough to notably decrease surface depression, more for organics in SC than for CR (Figure 3) . The difference in CCN activity is consistent with studies to date (e.g., [16, 56] ), showing that hygroscopic components tend to be incorporated in cloud droplets where their less hygroscopic counterparts prefer to remain in the interstitial air. It is also noted that the CR samples excluded droplets <5 μm diameter thus the excluded smaller droplets may potentially contain less hygroscopic materials. 
CCN Activity
Inferred Molar Volumes and Uncertainties
Application of KTA requires the input of the organic mass concentration, m organic , which is obtained by dividing the WSOC carbon concentration (Table 1) by the carbon-to-organic mass ratio, C/OC. In this study, C/OC ≈ 0.27 is applied, the value for oxalic acid (C2H6O4, 90 g·moL −1 ), the most abundant organic acid measured in our samples (Table 1) . C/OC ≈ 0.27 is very close to 0.29, the value for dissolved primary organic marine matter and marine coarse mode aerosol [34, 54] . Here we expect it to apply to the whole sample. The van't Hoff factor for the organic fraction is assumed to be unity. The presence of organics from ship emissions are assumed to introduce little variability to the organic mass fractions estimated. The ionic composition taken from the chemical analysis of the PILS vials is then converted into a mixture of inorganic salts and organics with the ISORROPIA II aerosol thermodynamic equilibrium model [57] . Lu et al. [36] find the composition of aerosol sampled to be bimodal, composed of ammonium bisulfate and sea-salt; when samples are mixed in the PILS, chloride depletion is both expected and observed in the samples ( Table 2 ). The results of the KTA analysis for each sample are summarized in Tables 3 and 4 . Assuming an organic density of 1.4 g·cm −3 [35, 58] , the SC sample has a high inferred molecular weight (Mj = 2413 ± 536 g·mol −1
; Table 4 ), possibly long-chained aliphatic compounds within primary organic matter transferred to the aerosol from bubble bursting at the seawater surface [16, 34, 54, 59, 60] . The marine nature of the SC sample is further supported by its inferred surface tension depression (Figure 3 , which is remarkably consistent with dissolved organic matter [34] . The average molecular weight inferred for CR aerosol is substantially less (143 ± 25 g·mol
; Table 3 ), consistent with the presence of low molecular weight carboxylic acids (i.e., C2-C9 mono and dicarboxylic acids) measured in cloud-processed marine aerosol [15] . Water-soluble oxidation products from ship VOC emissions can also contribute to the WSOC, although the information at hand is not sufficient to conclusively show this. As in previous KTA studies (e.g., [33] ), inferred average molar volume is subject to an estimated 30% error; the greatest source of uncertainty stems from the FCA parameter (Tables 3 and 4 ). The low depression in surface tension (Figure 3) suggests that the molecular weight distribution in the WSOC may not contain compounds characteristic of HULIS (300-750 g·mol ) [43, 47] , but instead can be described by the superposition of two "modes", one from SOMA (low molecular weight compounds), and one from POMA (higher molecular weight compounds). For the SC sample, we assume that the SOMA is primarily composed of oxalic acid (90 g·mol −1 , the predominant compound identified in the PILS samples and constitutes 0.6% of the organic mass, [61, 62] . With this assumed two-component model composition, the average Mj in SC is equal to 2852 g·mol −1 , and consistent (to within uncertainty) with the inferred KTA value (Table 4) . Similarly, if most of the organic in the CR aerosol is a mixture of ship emissions and oxalate, and that the POMA mode is consistent with phenathrene (178 g·mol , a value within 25% of our KTA estimate. Figure 6 illustrates the OPC droplet size measurements for all supersaturations and samples considered. The flow rate within the instrument was maintained at 0.5 L·min and the sheath to aerosol flow rate ratio was 10:1 to so that particles have the same residence time in the CFSTGC. Similar to the WSOC droplet data presented in [34, 35, 52, 63] , almost all of the growth droplet data lie within the measurement uncertainty and are in agreement with (NH4)2SO4 calibration aerosol. According to TDGA, the water uptake coefficient is similar to that of the water uptake coefficient of (NH4)2SO4 ( c ~ (NH4)2SO4). Given that the water uptake coefficient, (NH4)2SO4 ~ 0.2 [50, 51] , this suggest that the WSOC would not slow down activation kinetics of CCN compared to (NH4)2SO4. This is consistent with the analysis of CCN data collected from a wide range of environments [51] . The WSOC does not appreciably impact droplet growth kinetics (or the effective water vapor mass transfer coefficient) as aerosol particles produced from the SC and CR grow like (NH 4 )2SO4. 
The Effect of Organics on Droplet Growth Kinetics
Summary and Implications
CCN activity, chemical composition and droplet growth measurements coupled with Köhler Theory Analysis are used to characterize the cloud droplet formation potential of water-soluble organic matter collected from cloud droplet (CR) residuals and sub-cloud (SC) aerosol during the MASE 2005 campaign over the eastern Pacific Ocean off the coast of California. The organics within CR samples were found to be more hygroscopic than in the SC sample, most likely from the enhanced levels of soluble organic acids (e.g., oxalic) formed during cloud processing. Both the direct and inferred surface tension measurements show neither sample contained strong surfactants; in fact, surface tension depression is consistent with the effect from primary marine organic matter.
Inferred average molecular weights of both CR and SC samples are consistent with a bimodal molecular weight distribution; one composed of oxalic acid (produced through glyoxylic oxidation or the oxidative decay of larger diacids in cloud droplets [15] ) with primary organic matter (SC sample), or, organics from ship emissions (CR sample). These results are consistent with recently published work [18, 64] that shows SOMA as a significant contributor to CCN activity in marine regions. Finally, all samples display similar droplet growth kinetics to CCN composed of (NH4)2SO4, suggesting that water-soluble organics do not significantly impact the growth rate of CCN. Hence, CCN activity of the organics affects CCN activity through their contribution of solute from SOMA and possibly a slight surface tension depression from POMA. In both cases, increasing the size of CCN will also have a major impact, which is not shown here.
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